Many presynaptic transcripts have been observed in axons, yet their role in synapse development remains unknown. Using visually and pharmacologically isolated presynaptic terminals from dissociated rat hippocampal neurons, we found that ribosomes and ␤-catenin mRNA preferentially localize to recently formed boutons. Locally translated ␤-catenin accumulates at presynaptic terminals, where it regulates synaptic vesicle release dynamics. Thus, local translation of ␤-catenin is a newly described mechanism for axons to independently functionalize nerve terminals at great distances from cellular somata.
Introduction
Proper brain development requires that long projecting axons form presynaptic boutons quickly and with little involvement from the somatic compartment (McAllister, 2007; Andreae et al., 2012) . Evidence from Aplysia and rat hippocampal neurons supports a role for local translation in regulating functional bouton assembly (Schacher and Wu, 2002; Lyles et al., 2006; Sebeo et al., 2009) , providing a rapid and spatially restricted mechanism to nucleate synaptic vesicle release sites. Many presynaptic transcripts have been detected in isolated mature axons (defined here as those capable of forming synapses) (Taylor et al., 2009; Zivraj et al., 2010) , but their role in presynaptic assembly remains unclear. Furthermore, the detection of translational machinery in central mammalian axons beyond early outgrowth is lacking.
Materials and Methods

Reagents. We obtained N-(3-trimethylammoniumpropyl)-4-(6-(4-(dieth-
)phenyl)hexatrienyl)pyridinium dibromide from Invitrogen (10 M); 6-cyano-7-nitroquinoxaline-2,3-dione disodium (CNQX disodium salt) (20 M) and D-(-)-2-amino-5-phosphonopentanoic acid (D-AP5) (50 M) from Tocris Bioscience; Advasep-7 from Biotium (1 mM); high molecular weight poly-D-lysine (PDL) from either BD Biosciences or Millipore; cycloheximide (CHX) from Sigma-Aldrich (50 M); Accell siRNA (SMARTpool) for ␤-catenin (rat Ctnnb1, ORF, E-100628-01-0010) and Accell nontargeting siRNA (D-001910-01-05 or D001910-04-05) (3 M) from Thermo Fisher Scientific; and Sylgard 184 poly(dimethylsiloxane) (PDMS) from Dow Corning.
Microfluidic chambers. PDMS microfluidic chambers were replica molded from microfabricated master molds as described previously (Taylor et al., 2005) . All experiments used chambers with 900-m-long microgroove-embedded barriers. Approximately 50,000 hippocampal cells were plated into the cell body side of the chambers.
PDL-coated beads. Surfactant-free white aliphatic amine latex microspheres 4 -5 m in diameter from Invitrogen were incubated at 37°C in 40 g/ml for 30 min to 2 h, rinsed twice in sterile water, and then diluted in neurobasal medium (Invitrogen) supplemented with B27 (Invitrogen) and glutamax (Invitrogen).
Hippocampal cultures. Hippocampal cultures were prepared from embryonic day 17-18 Sprague Dawley embryos of either sex or Sprague Dawley postnatal day 0 -3 pups of either sex as described previously (Aakalu et al., 2001; Taylor et al., 2005) . Similar results were seen with both preparations.
Immunocytochemistry. The PDMS microfluidic chambers were peeled off and the bottom coverglass fixed with 4% paraformaldehyde in PBS containing 40 mg/ml sucrose, 1 M MgCl 2 , and 0.1 M CaCl 2 for 20 -30 min. The cultures were permeabilized in 0.25% Triton X-100 for 15 min and then blocked in PBS with 10% goat serum for 15 min. Primary antibodies were diluted in PBS with 1% goat serum and incubated for 1 h at room temperature. The following antibodies were used: mouse antiBassoon (SAP7F407) (1:1000; Enzo Life Sciences), mouse anti-rRNA (Y10b) (1:250; Thermo Fisher Scientific), rabbit anti-␤-catenin (Cterminus) (1:500; Invitrogen), rabbit anti-␤-tubulin (1:1000; Abcam), and chicken anti-␤-tubulin (1:1000; Aves Labs). We used AlexaFluor goat anti-mouse, anti-rabbit, and anti-chicken antibodies conjugated to fluorophores with 488 nm, 568 nm, or 633 nm excitation wavelengths (1:500; Invitrogen).
Fluorescence in situ hybridization. Procedures were performed as described previously using Panomics QuantiGene ViewRNA reagents and probe sets (Taylor et al., 2009) . Antisense probe sets were designed for Ctnnb1 (accession number NM_053357) covering 8-1254 bp, Arc (accession number NM_019361), and 18S ribosomal RNA (type 1, accession number X03205). The control probe set was designed using the sense sequence for the Ctnnb1 (NM_053357).
siRNA experiments. We used commercially available cell-permeable siRNA, which has been used previously for selective knockdown in axons (Sebeo et al., 2009) . We used Accell rat Ctnnb1 SMARTpool siRNA (E-100628-01) and Accell nontargeting siRNA for control siRNA (D-001910-01, D-001910-04) . siRNA was applied at a final concentration of 2.4 nM for at least 4 d before fixing for immunocytochemistry (ICC) or imaging with FM dye.
FM dye experiments. Cell culture media were first replaced with HEPES-buffered solution (HBS; 119 mM NaCl, 5 mM KCl, 2 mM CaCl 2 , 2 mM MgCl 2 , 30 mM glucose, 10 mM HEPES) and allowed to recover for at least 30 min. FM dye loading solution containing 10 M FM 5-95, 20 M CNQX, 50 M D-AP5, and high KCl (90 mM KCl, 34 mM NaCl, 2 mM CaCl 2 , 2 mM MgCl 2 , 30 mM glucose, 10 mM HEPES) was added to the microfluidic platforms for 1 min. Media were then replaced with 10 M FM 5-95 in HBS for 1 min to allow for endocytosis of the dye following stimulation. The chambers were rinsed three times (ϳ1 min each time) with a high-Mg 2ϩ , low-Ca 2ϩ solution (106 mM NaCl, 5 mM KCl, 0.5 mM CaCl 2 , 10 mM MgCl 2 , 30 mM glucose, 10 mM HEPES) containing 1 mM Advasep-7. The chambers were rinsed another three times (ϳ1 min each time) with HBS containing 20 M CNQX and 50 M D-AP5. Unloading Figure 1 . PDL-coated beads induce the formation of functional presynaptic terminals within 24 h. A, Differential interference contrast (DIC) image of hippocampal neurons cultured in microfluidic chambers with PDL-coated beads added to the axonal compartment. Scale bar, 75 m. B, DIC and merged immunofluorescence images of ␤-catenin, Bassoon, and ␤-tubulin III within the axonal compartment. Beads were incubated within axonal compartment for 24 h before fixation. Scale bar, 10 m. C-E, Time course of ␤-catenin (magenta) and Bassoon (orange) immunolabeling following addition of beads to the axonal compartment. White circles encompass bead location. Color lookup tables are shown. Scale bar, 5 m. Quantification of fluorescence levels for ␤-catenin (D) and bassoon (E) within ROIs surrounding beads and ROIs away from the bead (off bead) (15 min, n ϭ 210; 3 h, n ϭ 107; 24 h, n ϭ 22; 48 h, n ϭ 98). Data were normalized to average mean pixel value for the 15 min time point. Significance was determined using two-way ANOVA with Bonferroni multiple-comparisons *p Ͻ 0.05, **p Ͻ 0.001 versus off-bead. Error bars, SEM. F, G, FM 5-95 loading and unloading 24 h after addition of beads. Fluorescence images are inverted for improved visualization of puncta (F ). Arrow indicates stable puncta, which do not unload during stimulation. Dynamics of FM 5-95 labeling around bead (G); puncta localized to the bead (n ϭ 16) compared with stable puncta (n ϭ 8). p Ͻ 0.05 beginning at 120 s. Scale bar, 5 m.
was performed using electrical field stimulation of the axonal compartment. For electrical stimulation, positive and negative electrodes were placed in each well of the axonal compartment. For Figure 1 F,G, we stimulated the axonal compartment using a function generator (HP 3312A) with the following settings: 15 V, 2 ms pulse-width square pulse, 10 Hz for 2 min. For Figure 4 , we used an AD Instruments two-channel stimulus generator (STG4002) in current mode with an asymmetric waveform (Ϫ480 A for 1 ms and ϩ1600 A for 0.3 ms) at 20 Hz for 600 pulses. Z-stacks (40 slices) were captured every 15 s. At least five baseline images were acquired before electrically stimulating axons.
Microscopy. Images were acquired using either an Olympus IX-70 laser scanning confocal microscope or a spinning disk confocal imaging system (CSU-X1, Yokogawa) configured for an Olympus IX81 zero-drift microscope (Revolution XD, Andor Technology). For the laser point scanning confocal, we used an Ar ion laser (488 nm excitation) with long-pass (BA510IF) and short-pass (BA550RIF) filters; a Kr laser (568 nm and 647 nm excitation) with long-pass (BA585IF) and bandpass (605BP) filters for 568 nm fluorophores, and long-pass (BA585IF) and bandpass (700BP) filters for 647 nm fluorophores. For the spinning disk confocal imaging system, light excitation was provided by 50 mW, 488 nm; 50mW, 561 nm; and 100 mW, 640 nm lasers. The following bandpass emission filters (BrightLine, Semrock) were used: 525/30 nm (TR-F525-030), 607/36 nm (TR-F607-036), 685/40 nm (TR-F685-040). For FM 5-95 imaging, we used a spinning disk confocal imaging system with excitation at 561 nm (25% intensity) and with the 685/40 nm emission filter. We used 2 ϫ 2 binning to reduce the laser intensity and acquisition time for each frame. Each z-stack was obtained in ϳ5 s.
Image processing and analysis. Confocal slices were sum projected in ImageJ and converted to 8-bit depth. Mean pixel values were recorded using either the entire frame or bead ROIs (sufficient to encompass bead). For off-bead ROIs, random locations without beads, but with axons, were selected within each frame. Fluorescence in situ hybridization (FISH) puncta were quantified by first thresholding to minimum pixel value of 50 and then counting particles Ͼ0.044 m 2 within ROIs. For the FM image analysis, we thresholded the first frame of the z-stack to a minimum pixel value of 10. We analyzed puncta Ͼ2 pixels 2 contained within each bead ROI (31 pixel diameter) and measured the intensity of each of these puncta throughout the registered stack. The intensity of each puncta was normalized to the frame preceding stimulation and slope normalized to baseline. Puncta that unloaded Ͼ5% after 1 min were classified as unloaded and were included in the analysis. We used curve fitting in ImageJ to estimate the time constant, , for each puncta fitting to "exponential with offset." values Ͼ360 s (longer than the experiment run time) were excluded from the analysis and considered to be nonreleasing.
Statistics. Statistical analyses were performed using GraphPad Prism. When Ͼ2 variables were involved, significance was determined using two-way ANOVA and Bonferroni multiple-comparisons post hoc test unless otherwise noted. Two-tailed unpaired Student's t test was used when comparing means for two conditions.
Results
To visualize low levels of RNA and protein within presynaptic terminals, we used a culture system that allows presynaptic terminals to form in isolation, thereby eliminating overwhelming somatic and dendritic signals. We presented mature (Ͼ10 d in culture) hippocampal axons, compartmentalized via a microfluidic chamber, with PDL-coated beads that induce functional presynaptic terminal formation (Taylor et al., 2005; Lucido et al., 2009) (Fig. 1 A, B) . PDL-coated beads have previously been shown to induce the accumulation of many integral presynaptic proteins, including N-cadherin (Lucido et al., 2009 ). To validate the formation of functional presynaptic terminals, we analyzed the specific accumulation of presynaptic proteins within bead ROIs and compared them to axonal regions that do not contain beads at 15 min, 3 h, 24 h, and 48 h following bead addition (Fig.  1C-E) . Immunolabeled ␤-tubulin did not accumulate at bead ROIs after 24 h, verifying specificity of protein accumulation at bead contact sites (mean fluorescence within bead ROIs, 27.93 Ϯ 2.25 a.u., n ϭ 40 measurements; mean fluorescence within OFFbead ROIs, 28.02 Ϯ 2.02 a.u., n ϭ 40; p ϭ 0.98). We next used a lipophilic FM dye (5-95) to verify that the terminals were functional (Fig. 1 F, G) . Together, these data confirmed that the addition of the beads induce the formation of presynaptic terminals (hereafter we refer to the boutons that form within bead ROIs as nascent presynaptic terminals).
To determine whether these axons have the capacity for local translation, we labeled rRNA using both FISH for 18S rRNA and ICC using an anti-rRNA antibody (overlap coefficient, 0.97; Fig.  2A ). While many axons were positive for rRNA labeling, others did not show detectable signal, suggesting that only a subpopulation of axons contain ribosomal RNA. Ribosomal RNA levels were significantly higher within bead ROIs than in random axon ROIs (Fig. 2B) , suggesting that local translation is enhanced within developing presynaptic terminals.
␤-Catenin mRNA is found in both developing and mature central axons (Kundel et al., 2009; Taylor et al., 2009 ). We observed a significant accumulation of ␤-catenin protein within bead ROIs compared with nonbead axonal regions, suggesting a presynaptic function for locally expressed ␤-catenin. ␤-Catenin is known to have a role in synapse assembly, where it has been observed to regulate synaptic vesicle pool assembly (Bamji et al., 2003) . To examine whether locally translated ␤-catenin contributes to synapse formation, we used high-resolution FISH and found that ␤-catenin mRNA preferentially localized to newly established presynaptic terminals (Fig. 2C,D) . Control probes, in- and Bassoon (orange) within the axonal compartment in vehicle and CHX conditions. C, Quantification showing ␤-catenin/Bassoon intensity ratios within beads ROIs for vehicle (n ϭ 472) and CHX (n ϭ 548) conditions within the axonal compartment. Mean Bassoon fluorescence intensity for vehicle (veh, n ϭ 701) and CHX (n ϭ 805). D, Average mean pixel value surrounding bead (vehicle, n ϭ 121; CHX, n ϭ 84) compared with off-bead (vehicle, n ϭ 104; CHX, n ϭ 67). E, ␤-Catenin/Bassoon intensity fraction with control and ␤-catenin siRNA applied to the axonal compartment. Average pixel value of each frame (2 chambers, 10 frames per chamber) was used from both the axonal and somatic compartments. *p Ͻ 0.01. All values are normalized to average intensity for vehicle condition. F-H, ␤-Catenin and Bassoon fluorescence intensity around beads compared in the presence or absence of somata and CHX. G, Somata were removed and CHX was immediately applied to the axon terminals; the remaining events progressed as depicted in the timeline shown in A. Scale bar, 5 m. H, Bar chart showing average fluorescence of ␤-catenin relative to Bassoon, ␤-catenin alone, and Bassoon alone within each bead ROI, for vehicle (n ϭ 288), cells removed with vehicle added to axonal compartment (n ϭ 366), and cells removed with CHX added to axonal compartment (n ϭ 267). *p Ͻ 0.05. Error bars, SEM.
cluding ␤-catenin sense probes and Arc mRNA probes, showed no signal (Fig.  2C,D) .
Next, to determine whether ␤-catenin is locally synthesized during presynaptic terminal formation, we examined ␤-catenin using ICC in the presence or absence of a locally applied protein synthesis inhibitor (CHX) (Fig. 3A-D) . In the presence of vehicle, there was abundant ␤-catenin present in the vicinity of the bead. When CHX was locally applied, however, we observed a significant reduction in ␤-catenin levels associated with the bead (Fig. 3C ) without any accompanying change in the somatic levels of ␤-catenin (data not shown). Bassoon levels, by comparison, did not exhibit any change ( p ϭ 0.265). We used Bassoon as an internal control because it rapidly accumulates at presynaptic terminals and its mRNA is not detectable in these axons and thus should not be locally translated (Fejtova et al., 2009; Taylor et al., 2009 ). The CHXmediated loss of ␤-catenin within axons occurred specifically at bead locations (Fig. 3D) . To confirm that the somata are not the source of this ␤-catenin, we performed another experiment with the somata removed, and observed an equivalent fold reduction in ␤-catenin with axonally applied CHX compared with vehicle ( Fig. 3F-H ) . To determine whether axonal ␤-catenin mRNA is the source of the new ␤-catenin protein, we used a cell-permeable siRNA designed for ␤-catenin and applied this selectively to the axonal compartment. We observed a significant reduction in ␤-catenin protein expression within the axonal compartment compared with control siRNA and no reduction in the somatic compartment (Fig.  3E) . Together, these data show that ␤-catenin is locally translated within axons during presynaptic terminal formation.
We next examined the functional role that local ␤-catenin translation plays in synaptic vesicle release. We used a lipophilic FM dye (5-95) to evaluate synaptic vesicle unloading dynamics by acquiring images before, during, and after field stimulation applied to the axonal compartment in the presence of either ␤-catenin or control siRNA (Fig. 4) . Using 14 DIV neurons, we loaded FM dye using KCl-mediated depolarization (Fig. 4B) . Initial mean fluorescence of FM dye at FM-loaded puncta within bead ROIs was slightly lower (10%) in the ␤-catenin siRNA axonal compartment than that observed in the control siRNA axonal compartment (mean fluorescence of puncta within bead ROIs for ␤-catenin siRNA, 14.86 Ϯ 0.3821 a.u., n ϭ 195 measurements; for control siRNA, 16.57 Ϯ 0.6902 a.u., n ϭ 124; p Ͻ 0.05). To measure the rate of FM unloading, we monitored fluorescence intensity values at each punctum contained in a bead ROI individually throughout the experiment. We found that reducing axonal ␤-catenin expression significantly increased the rate of FM unloading compared with control ( Fig. 4B-D) .
To eliminate the confound of nonresponding puncta, we determined the time constant, , for each punctum by curve fitting the unloading kinetics to an exponential decay function and found that was significantly reduced with locally applied ␤-catenin siRNA as expected (Fig. 4C) . To ensure that the observed change in rate of unloading was not due to differential loading of the FM dye, we also analyzed a subset of the puncta for the ␤-catenin siRNA condition matched to initial FM loading levels for the control siRNA condition (Fig. 4C ). This subset of puncta had equivalent unloading kinetics, as did the inclusive ␤-catenin siRNA group (Fig. 4C,D) .
As a test for the specificity of the unloading kinetics being related to synaptic activity, we measured puncta dye unloading rates outside the bead ROIs (Fig. 4D) . Outside the bead ROIs, dye unloading rates were comparable between conditions and merged toward a common mean value, as would be expected for a nonsynaptic process (Fig. 4D) . Together, these results provide evidence that local ␤-catenin synthesis regulates synaptic vesicle release dynamics, providing a novel and previously unreported mechanism for distal presynaptic terminals to alter neurotransmitter release properties following target contact.
Discussion
Our results suggest that axonal translation plays an essential role in synapse formation. We report the first demonstration of rRNA within mature hippocampal axons and targeting of ␤-catenin mRNA to nascent presynaptic terminals. We show that ␤-catenin mRNA is locally translated and that this translation regulates synaptic vesicle dynamics. How local ␤-catenin translation is regulated remains unknown, although the absence of postsynaptic targets in our model system suggests an autonomous presynaptic signal (Andreae et al., 2012) . Recent evidence supports the involvement of target-derived signals, including netrin and NT3 in the local translation of ␤-catenin in thalamic axons (Pratt et al., 2012) and during the initial outgrowth of hippocampal axons (Kundel et al., 2009 ). The netrin receptor DCC (deleted in colorectal cancer) has been reported to anchor translational machinery and the clustering of DCC in the absence of netrin may induce low levels of translation (Tcherkezian et al., 2010) . There is also some evidence for Wnt signaling in regulation of mRNA translation via GSK3 and mTOR (Ma et al., 2011) , though a more well-known role for Wnt signaling is in repressing the constitutive degradation of ␤-catenin. Notably, multiple Wnt receptors localize to presynaptic terminals (Varela-Nallar et al., 2009; Sahores et al., 2010) . ␤-Catenin mRNA is also a putative target for microRNA (Kim et al., 2011) and there are cytoplasmic polyadenylation element-binding sites within ␤-catenin's 3ЈUTR (Kundel et al., 2009) .
Using FM dyes to monitor synaptic vesicle exocytosis, we identified a functional role for locally translated ␤-catenin in negatively regulating release. A role for ␤-catenin in modulating vesicle release has been shown in prior work eliminating ␤-catenin cell-wide through conditional genetic deletion (Bamji et al., 2003) . In this previous study, cell-wide loss of ␤-catenin and presynaptic dysfunction in hippocampal pyramidal neurons were described. As assessed by electron microscopy, ␤-catenin knock-out mice showed an increased number of synapses, a reduction in the nondocked synaptic vesicle pool, and no change in the docked pool compared with wild-type mice. Mutant terminals also exhibited a reduction in the replenishment of the readily releasable pool using a prolonged stimulation protocol. These defects were associated with an increase in basal transmission at lower stimulation intensities and consistent with the higher rate of FM release reported here upon local knockdown of ␤-catenin.
Our results suggest that presynaptically translated ␤-catenin leads to a reduction in the rate of synaptic vesicle release during development of functional boutons and reduced release probability (Branco et al., 2008) . This mechanism may underlie the reported reduction in release probability during hippocampal synapse maturation (Bolshakov and Siegelbaum, 1995; Bagley and Westbrook, 2012) . Furthermore, a relatively high release probability in postnatal 4 -8-d-old rats occludes LTP expression (Bolshakov and Siegelbaum, 1995) , suggesting that a mechanism to limit release probability may be necessary for the development of some forms of plasticity. Given the correlation of ␤-catenindependent pathways with various diseases (Inestrosa and Toledo, 2008; Maguschak and Ressler, 2008; Klemmer et al., 2011) , the regulation of neurotransmitter release properties reported here likely has broad implications for human health.
